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PREFACE

“al

Replacement of certain analog elements ) »y their

. P, b
0°a’aa"a"a

switched-capacitor equivalents is a relatively new

technology with potential applications in integrated circuit

Ve

design. The first investigations on this techniquie was
performed in the late 1970's and attracted great deal of
hy attention. One of the impOftant reasons for replacing
h analog circuits with their switched-capacitor equivalents is
the compatibility of the switched-capacitor circuits with
MOS technology. Present emphasis is directed toward

switched-capacitor realization of the entire analog sampled

a.a A4 .a s

0 data systems in MOS technology.

The purpose of this experimental research was to

investigate certain switched-capacitor circuits in order to

A e

verify their theoretical analysis.
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\i In the literature , there are many technical papers
\3 describing the theoretical characteristics, advantages and
;‘ disadvantages of switched-capacitor circuits and systems.
gé The experimental resarch presented here is an investigation
és of the characteristics of specific switched-capacitor
‘_ circuits as described by some of these technical papers.
gi The circuits investigated {nclude a second order band
; elimination filter, a simulation of inductor and a AM
- demodulator. For each circuit, the performance of the
% switched-capacitor implementation was compared to the
jj theoretical analysis. In additon, for the band elimination
& Gﬁ filter and inductor circuits, the performance of the
fg switched-capacitor circuit waS cqmpared to an equivalent
‘4 implementation using normal analog components. Analatical
o results were duplicated using switched-capacitor circuits.
§ The c¢lock frequency was a critical parameter for the
ié experiment.
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CHAPTER I
INTRODUCTION

BACKGROUND

The main building block of active filters 1is the
integrator which consists of operational amplifier (op-amp),
resistor and capacitors. A maj- i eason that active filters
have not previously been integr .<d in MOS technology is the
necessit; to accurately de : ' resistance-capacitance
products, which requires that the absolute value of the
resistors and capacitors be well controlled. In addition,
integrated (diffused) resistors have poor temperature and
linearity characteristics, as well as, requiring a large
amount of silicon area., A circuit that performs the
function of a resistor without these disadvantages has been
investigated independently by several workers. That circuit
is the switched-capacitor(SC) circuit.

The fundamental of a characteristic SC circuit is the
transferral of charge from point to point in the circuit by
charging a capacitor at the first point and discharging it
through the other. The theory of the operation of a SC
circuit as a resistor has been explained in detail in

Appendix A. If the switching rate, f, = 1/T, , is much

larger than the highest frequency of the signal of interest,

then the discontinuities of the signal can be ignored and

the SC can then be considered as a direct replacement for a
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conventional resistor. However if, the switching rate is of
the same order as the highest signal frequency, then
analysis must incorporate sampled data techniques. As for
any sampled data system,the input signal should be band

f
%; as dictated by the sampling theorem. The

limited below
stability and linearity of the resistance value
(Eq. A-4) is much better than that obtained from diffused
resistors since the insulator in a properly fabricated MOS
capacitor has essentialy ideal characteristiecs, For
example, typical temperature coefficients for these capaci-
tors are less than 10 ppm (Ref 2:601). Another important
advantage of the SC resistors is the high accuracy of the RC
time constant that can be obtained with their use.

In integrated c¢ircuits, it is possible to achieve high
precision in the capacitance rat-o. It has been shown that,
the error in such ratios can be less than 0,1 percent using
standard MOS techniques (Ref 3:371-379). It is thus
apparent that the SC resistor makes it possible to design
precise, stable RC filters which can be fully integrated.
It is also possible to modify the filter parameters such
as, gain, cutoff frequency and selectivity by varying either
the SC clock frequency or the capacitor values or both.

Experimental investigations (Ref 2;4) show that the
effects of the switches and amplifier limitations must be

taken into account as practical design considerations. Some

of these limitations are following:
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1. It is desirable to have the clock rate as high as

possible relative to the filter bandpass frequencies in

v YT
N T e
' (I

order to reduce the aliasing of the input signal. The

?;; magnitude of the capacitor ratios required for a given

frequency response increases with the clock rate, which

also increases the silicon area requirements.
2. At very high sampling rates, the time constant of
the switched capacitors will become important.
3. Due to finite ON resistance of the switches, the
transfer of the charge is incomplete.
4, The thermal noise contributions of the amplifier and
switches dominate over all other noise sources.
:{ 5. There is clock feedthrough which is caused by the
_ (i; inherent capacitance between diffusion and gate of the
switching transistors.
6. The offset error caused by leakage.current in the
switching capacitor between sampling period is an important

parameter.

7. There is stray capacitance between the capacitor

L A
Lr_e_n r e,

electrode and ground. The stray capacitances upset the
symmetry of the circuit and hence introduce additional image

frequencies.

There are investigations underway to preserve the well
known low sensitivity properties of doubly loaded ladders
(analog reactance filters :ARF) in SC filters. One of the
most promising approaches consists of replacing all branches

% = of the ARF by equivalent branches in a SC filter (Ref 5).

-y



Generally many of the SC networks described in the
literature have been either for filtering or for analog to
digital conversion applications. The SC building blocks are
also useful for realizing many other signal processing
functions. Another application of the SC building blocks
is the realization of the adaptive systems. The paper by
Martin and Sedra (Ref 7) gives design examples of a SC phase
lock loop, a tracking filter, a programmable equalizer, a
quadrature sinusoidal generator, and an adaptive channel
equalizer using SC networks. Still another important example
is a SC realization of a spectral line enhancer (Ref 8).
This is an adaptive system which tracks the peak of the
spectral density function of the input signal. These
examples are strong evidence for the important role which SC
networks can be expected to play in VLSI implementation of
signal processing functions. |

A recent trend in SC filter design is to eliminate the
use of op-amps which form the basic integrators or to reduce
the number of op-amps by multiplexing them (Ref 9). Op-amps
require a large chip area, and consume large amounts of
power. The bandwidth of the filter will also improve if op-
amps can be avoided. Other advantages of elimination of the
op-amps include reduced noise and improved dynamic range,
Jamal and Holmes presented a novel tecnique to avoid the
use of the op-amps to form the basic integrator enhancement

type NMOS transistors and MOS capacitors (Ref 10).




STAIEMENT OF IHE PROBLEM AND SCOPE

The objective of this research work is to analyze and
verify in the lab various SC circuits and systems (second
order SC band elimination filter, SC simulation of an
inductor, and SC synchronous demodulator). This work was
accomplished in two phases :

I. Examination of a technical paper that analyzes a
particular system using SC circuits. This paper claims
certain performance attributes, advantages, and
disadvantages.

II. Actually building and testing the circuit or the
system, and investigating whether it really performs as
indicated. If it does, explain why, and if it does not
explain why not,

ASSUMPTIONS

For experimental purposes
I. Input signals are changing very slowly in time with

respect to the two phase clock.

II. The capacitor appears to charge instantaneously to
the input voltage.

III. The period of the capacitor discharge (T=RC) is
very much less than the reciprocal of the input signal
bandwidth. Thus, the capacitor appears to discharge
instantaneously.

IvV. Equipment used have good temperature
characteristics so that experimental measurments do not

change as time elapses.
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E The second and third assumptions refer to ideal

Pe S

P S switches. The ideal switch assumption is quite reasonable
2 if the signals of interest are varying slowly with time.

For computational purposes

I. Voltage sources have zero resistance.

II. Operational amplifiers are ideal (infinite gain).
III. Switches have zero ON resistance so that complete

f? transfer of charge can be accomplished.

APPROACH AND PRESENTATION

- Each chapter represents a different phase of this

'3 experimental research. Chapter II presents analysis, design,
e~ @ fabrication, and test of the second order SC bandelimination
EE filter for a given transfer function. It includes effects
1; of changes in clock frequency, effect of stray capacitance
’ and clocking scheme on filter performance.
j% Chapter III presents simulation of grounded and
o floating inductors using SC circuits. This section
r justifies the equivalance of the proposed SC inductor to
é grounded inductor. A test circuit built wusing SC circuits
f; in place of resistors and a grounded inductor is given. The
;;5 test circuit is a resonant circuit. The performance of the
-E' test circuit is compared with an analog resonant circuit.
Zi Another test circuit, showing the operation of the floating
j: - inductor, 1is also presented.
:‘. .
o

o
Wy NP N AT AT
3 - L) .

ot




‘w ‘e Ye s
e

ot

L -+ A
P R RV 2 - P L PR

P
» P

Yyt
LA P A R

(RO AP XL .

DO - - NN NG Y

-'\

L]

o

>

N

g

AA
e %
s

y

e e

>

.
«

N

Chapter IV addresses the realization of SC synchronous
demodulator. The results are illustrated in the chapter.

Chapter V draws conclusions about the experiments
conducted, and recommends further research in different
application areas of SC circuits.

Equally important is the information contained in
Appendix A, Appendix B, and Appendix C. They present basic
principles of operation of the SC circuit as a resistor, two
phase clock circuit, and the sampled data demodulation

technique respectively.
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CHAPTER II
SECQOND QRDER SC EILTER

ANALYSIS AND DESIGN

There are several general approaches for the design of
switched-capacitor (SC) filters. Conceptually ,the simplest
approach is to first obtain the analog circuit and then
replace the resistors by ‘their equivalent switched-
capacitors.

The filter realized is a second order SC band-
elimination filter. Its transfer function is

H(s) = (s + 1000) (s + 5000) 2 - 1)

(s + 500) (s + 10000)

The analog filter that satisfies this specification is

shown in Figure II-1.

Figure II-1 Second order analog filter
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This is the cascaded form of the two first order

filters. The transfer function of the first order part is

v Z Co//R
H(s) = 2 = 2. 220078 (2 - 2a)
vy Zq Cq1//R3

which can be simplified to the following equation

C; s + 1/R2C
H(s) = = — .~ 27371 (2 - 2b)
Co s + 1/RyC2

1
R3 can be replaced by --—— and Ry can be replaced by
fcC3

foCy where f, is two phase non-overlaping clock frequency
c

(see Appendix B). Then, the corresponding equation for the

SC is

Cqi s + fa (Cq/Cq)
H(S) = = — c 223771 (2 - 3)
C2 s + fo (Cy/C2)

The product H(s) can be factored into the form of Eq. 2-1.
Then,
s + 1000 s + 5000

H(s) = (2 - 4)
s + 500 s + 10000

The coefficient of 'Eq. 2-4 are -equated with those of

c
1
Eq. 2-3. For convenience Cq = C» , therefore, Lo = 1.

Depending on the clock frequency choosen, the values of

C3 and Cy can be found.

II -2
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If the resistors are replaced with SC, the circuit
A depicted by Figure II-1 becomes Figure II-2 (Ref 1:420).
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Figure II-2 SC equivalent of Figure II-1

The same procedure can be followed to realize the second

Q order part of the SC filter. As mentioned before, the
| direct replacement of resistors with switched-capacitors
requires that the switching frequency must be much larger

than the significant spectrum frequencies of the input

signal (Ref 1:409). The clock that will be used throughout

the experiment was developed in Appendix B.

EABRICATION AND IEST

For comparison purposes, the analog filter and its
equivalent SC filter were built. The operational amplifiers
used were SN72741 and SNT72747. The analog switches used
were type DG201A. DG201A is a SPST (Single Pole Single

Throw) switch. Characteristics and pin description of the
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chips used are in Appendix D.

The experiment was conducted

for clock frequencies of 5 Khz, 50 Khz, 100 Khz and 200 Khz.

For convenience, Cq, C,, C5, and Cg are choosen to be

0,14F. The values of C3, Cy, C7 and Cg were computed by

equating Eq. 2-3 and Eq. 2-4, Table II-1 shows the
corresponding values of these capacitors for each clock
frequency. The capacitances were measured using an 820
Capacitance Meter by BK Precision Dynascan Corporation.
Table II-1
Element values
Clock Fr. C1,C2,C5,C5 C3 Cy Cr of
50Khz 0,1 uF 2*103pF 1000 pF (0,01 ,F|0,02 F
100Khz 0,1 uF 1000 pF | 500 pF !5%10 pF|0,01 ,F
200Khz 0,1 uF 500 pF | 250 pF (2500 pF 5*10LF
The SC filter resistor equivalences of the analo
filter were 10, 20, 2, and 1 Kilo ohm for R3, Ry
R7 and Rg respectively.

Effect of change in clock frequency

The first experiment was conducted for 5 Khz clock

frequency.

put of the op-amp did not remain constant.

Since the clock frequency

was

op~amp followed the slow clock pulses.

II - 4
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Even though the clock frequency was small, the first
order output waveform of the digital filter was the same as
the analog filter output. However, the switching action was
observed on the output of the first order part of digital
filter. The output waveform of the second order part of the
digital filter did not resemble the output signal of the
analog filter. Figure II-3 shows the typical output wave-
form of the first order part of the digital filter for 5

Khz clock frequency. The input signal frequency is 550 Hz.

.éigu;;-II;3 Iﬁbﬁgv(ésp tracéglnbutpﬁt
relationship of the first
order SC filter for 5 Khz
clock frequency.
Horizontal: 0.5 ms/div
Vertical: 1 V/div
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.E Later, the experiment was conducted with clock
frequencies of 50 Knz, 100 Khz and 200 Khz. As the clock
frequency 1is increased, switching action on the output
signal disappears, and the thermal noise due to the op-amps
and switches decreases. By comparing Figures II-4 and
II-5, the reasons for this change becomes apparent. Figure
II-H.Shows both the input (top trace) and the output (bottom
trace) of the analog filter. Figure II-5 shows the output
of the SC equivalent filter. The clock frequency is 100
Knz. Comparing the two figures, the digital output is almocst

identical to analog output.

Figure II-4 Second order analog filter
Input (top trace) = outbut

Horizontal: 1 ms/div

Vertical: 0.5 V/div
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But, as it was mentioned in the introduction section,
the sizes of the capacitance ratios for a given frequency
response also increases with the clock frequency, which
increases silicon area requirements. The minimum clock
frequency is determined by the time constant of the switched
capacitors and by the slew-rate and bandwidth limitations
of tﬁé amplifiers used in the SC circuit. The minimum clock
frequency is limited by Nyquist's sampling rate and by
considering dissipative losses in the MOS capacitors. These
dissipative losses resulft in a loss of charge. It must
also, be taken into account that any dielectric gradients
may degrade the matching of too large capacitors. The
selection of the minimum size of a MOS capacitor should be
governed by considering paracitic capacitances and noise

contribution due to the thermal noise of the switches.

Figure TI-5. Second order SC filter
(Input versus Output)




§
- This r.m.s noise is given by (kT/C), where C is the
switched-capacitor and the kT 1is the thermal voltage
{ - (Ref 11:76). Figure II-6 shows the effect of the clock
g frequency on the output signal.
5 DISTORTION ‘
ox ourerr¢ * ) ‘_ :
- A ' : i
1
N -~ -
X 90 = ——
[~ l
; 60 ~—— +
- 25 - — —l— —
.; s == d4-— - =
- (1 I !
l 1 I 1 > id 0744 \
4 G 5 20 100 120 CLOCY. (v1z)
s i FREQUENCY
'*:
S
. Figure II-6 Clock frequency versus
- distortion on output
3 As it is seen from Egs. 2-3 and 2-4, the filter
“»
ﬁ bandwidth can be adjusted by either changing the clock
3 frequency or the capacitor ratios. This situation was
f observed for different clock frequencies and different
.; capacitor ratios. Figure II-7 shows the frequency response
z of the SC filter realizing Eq. 2-1 for the clock frequency
5 of 100 Khz.
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Effect of different clocking schemes

The experiment was conducted using two different

:

clocking schemes. The first scheme was such that all
switched capacitors were clocked in phase while the second
was such that every other switched-capacitor was clocked 180°

out of phase, as illustrated in Figure II-8,

p— gty

) ’_Z olor ]
¢2 9‘5: @

¢, #

®
®

.
(1
@ é, ¢z 5 @
o ﬂlz P w

: F i 3

Figure II-8 Two different clocking schemes for SC
filter.

The results of the experiment indicated that there was
no significant change in the magnitude response due to the
use of different clocking schemes. However, the output
signal of the filter using the first clocking scheme was
distorted.

Two pictures were taken to illustrate the effects of
the two different clocking schemes., Figure II-5 shows input

output relationship for the first c¢locking scheme and

II - 10
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Figure II-9 for the second clocking scheme. The tcp trace
shows input signal and the bottom trace shows output of the
filter. There is more noise on the output signal of

Figure II-5 as indicated earlier.

Figure II- 9 Input-output relatioship of SC
filter using the second clocking

scheme,

Effect of stray capacitance

Any floating capacitor (C) of an SC filter gives rise
to stray capacitances between the capacitor electrodes and
ground. As illustrated in Figure II-10 the capacitance C1

from the bottom electrode to ground is typically between 5

IT - 11
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to 20 percent of the main capacitance C . The capacitance

Co> from the top electrode to ground is between 0,1 to 1
percent of the C . To eliminate the effects of the stray
capacitances the bottom electrodes of all capacitors should
be connected to a voltage source or a real or virtual ground
(Ref 6). The experiment was conducted with all capacitors
grounded to prevent any degradation in the filter

realization due to stray capacitance effects.

— - cy

—l
S " >

Figure II-10 Stray capacitance
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CHAPTER III
SWITCH-CAPACITOR SIMULAIION QF INDUCIOR

ANALYSIS AND DESIGN

The recent interest in the design of SC networks has
been motivated by the goal of realizing an active filter on
a chip. Most efforts have been directed to the realization
of resistors connected to capacitors, by SC combinations. A
challenging question that comes to mind is whether inductors

can also be simulated by active SC combinations.

b
S0 5 (=)
L 5 4_ |
- -3 C
e+ i vl'“ %""’l Bl
{ a i
= = , | l
; ¥
() T& A P

Figure III-1 a) a capacitor b)principle of obtaining
SC inductor ¢) SC inductor d) equivalent
circiut of - (c¢)
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Consider the capacitor C shown in Figure III-1a, the

incremental charge q(t) stored at any time ¢t can be
expressed in terms of the current i(t) and the voltage

v(t):

t
alt) = fi(t)df, = C v(t) - C v(0) (3 -1
(o]

where v(0) represents the voltage across the capacitor at
time t=0. Assuming now that the capacitor is not charged
continuously but in surges of i(n tv) (t-n <), after
every interval =<t , where rois a unity time constant that
is required to maintain the proper dimensions in the charge
equation, and (t-nt ) is the Kronecher delta sequence,
then it can be shown that (Ref 10:77) the nodal charge
equation is given by

i(t) = (v(t) = v(t - ¢)] (3 = 2)

'l o

Consider the relation between current i and voltage v for

the capacitor C shown in Figure III-1a is

dv(tl
dt

i(t) = C (3 = 3)

If the capacitor is assumed to be a discrete-time system and

the sampling period <t is much smaller than the signal

period, it can be assumed that the current does not change

III - 2
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during + . Hence it is possible to replace the continuous-
time derivative in Eq. 3-3 by a finite-difference form of
the derivative; i.e at time t = nt, the current is

i(n< = C vint) = vi(n = 1) 1] (3 - 4)

T

where v(n:) and v[(n-1)t] are two adjacent time samples
of the voltage.
By similar reasoning it readily follows that the

charge equation for an inductor is given by

vit) = -TE [1(t) = i(t = )] (3 - 5)
0

This can be simulated using switched-capacitors
(Ref 12) if we can obtain a building block that yields the

*equation

v(t) = 12 (i(t) = i(t = 1)] (3 - 6)

in this case the equivalent inductor has the value
Leq = — (3 -7
with t =nt , the difference equation of Eq. 3-6

corresponds to the configuration given by Figure III-1b.

This configuration can be realized by the active network

III - 3
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N shown in Figure III-1c (Ref 12). The switches s® and
o are closed during even and odd times n respectively.
= In Figure III-1c the capacitor C1 stores the charge
E; C1Vin(") and converts it into a current which is delayed
E and inverted at C; ., The capacitor C3 then integrates the

difference between the direct and the delayed current
component according to the nodal charge equation given by
Eq. 3-6.

The equivalent circuit of Figure III-1c can be obtained
as in Figure III-1d. The analysis is similar to that of RC
equivalent of an inductor. RC equivalent of Figure III-1lc

is as in Figure III-2,

, _
G | ‘———~E__R_:_F n
f T 1L y —E
S
| ;
T T | j

Figure III-2 RC inductor.

On Figure III-2

L (3 - 8
Z = — 3 -8)
i
"
. the current balance at node is
IIT - 4
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where

therefore,

G and

So

and

Z4 =

Vi - va

Vi-vo

v v v
I:—.j..-p_i.p_i(

Ry Ry Ry

1 1
-‘-Vi(——+—+

R4 Ro

R1R2CS

_—)

RqCS

LI
RqR2CS

R1R2CS

1 + RqCS + RCS

1 + (Rq + R2)CS

(3 -9
(3 - 10)
(3 = 11)
(3 - 12)
(3 - 13)
(3 - 14)
(3 - 15)




A
I\
. Z; for the circuit in Figure III-1d is
- .
f = sL
. Z; = cE (3 - 16)
v 1 SsLeg/R
M + Sleg/leg
J
¢ Equating Eqs.3-15 and 3-16, we get
E R1R2C = L and (Rq1 Rp) C = L/R
Y
“
o from these Leg = RqR2C (3 -17)
<,
;: Reg = Ry // Rp (3 - 18)
To To
- If Ry is replaced by —— , Ry Dby == and C by C,
2 Cq C3
- then
dj' %02
, C1C3
- and
y T
: Reg = ° (3 - 20)
) Cq + C3 - Cq4C3/C2
- EABRICATIION AND IEST
2 A SC resonant circuit was built by replacing inductor
5 and resistor with their equivalent SC circuits (Ref 12).
i The SC circuit (Figure III-3) was designed using DG181
f SPST (Single pole single throw) switches, SN72741 op-amp,
- and capacitors whose values are shown in Table III-1. Based
3
s upon these values and Egs. 3-17,18, the SC resonant circuit
III - 6




simulated a series resistor of 28749 ohms, a parallel

E i inductor of 11.2 mH, a parallel capacitor of 2.579 uF and a
- parallel resistor of 3157 ohms.

N, Table III-1

. Capacitor values for SC circuit

* Capacitors Capacitances

o C 20579 uF

o

e CI 0.4 nF

= c, 0.28 nF

X C, 9.4  nF

'~

:i The pin description and electrical characteristics of these
‘\:

B chips are listed in Appendix D. The experiment was
-3 conducted at a clock frequency of 16 Khz.

:

: —C —

: Lo l

. Vw

5 C—l' L 21

.: o i

o

A;.‘

Figure III-3 Analog resonant circuit
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Figure III-4§ SC resonant circuit

The observed frequency responce (Figure III-5) of the
SC circiut had a sharp peak at 1050 Hz and half power
point at 1000 Hz and 1100 Hz. Figure III-6 shows the
theoretical frequency response of the corresponding analog
resonant circuit. Overlooking the small discrepancy at
resonant frequency, there is agreement between the
frequency responses of the SC circuit and corresponding
analog circuit. This dicrepancy is due to the parasitic

capacitances introduced by the discrete components and non-

ideal characteristics of the SC circuit elements.
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Figure III-5 Frequency response of SC
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igure III-7 shows input (upper trace), output {lower
trace) waveforms at resonant frequency (10350 Hz).
Figure III-8 and III~-9 shows the same waveforms at 850 Hz

and 1150 Hz input signal frequency respectively.

Figure III-7 Input ( upper trace)=- output (lower
trace) waveforms of SC resonant

circuit at resonant frequgncy.




.................

Fighké'III¥8 Input (upper trace)- output
(lower'trace) waveforms of

SC resonant circuit at 850

[3. Hz input frequency.

Figure III-9 Input-Qutput waveforms of SC

o circuit at 1:50 Hz input signal
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- ELQATING INDUCTOR
f? 32; In addition to grounded inductor, floating inductors
i: can also be designed using SC circuits. The analysis given
‘% in the previous section is applicable for the floating
;E inductor as well. The equivalent SC circuit is shown in

Figure III-10.

)

;i Q&q ' { 'C| | é
:§ __i T N ‘__:%/:;_ﬁ/______~__ o ée l
- IN Lour Cz | —
. L—“Ezg—- wo| e % {_ﬂk—_4 {t;:: e T;;l
- (a) | > l T/’J |
. ,
3 b) e
g & | k- | |
- Figure III- 10 a) Floating inductor b) SC equivalent
E of' (a). (Ref 13).
3
; To demonstrate the SC floating inductor, the above
E circuit was incorporated in a low-pass filter design
i (Figure III-11). The equivalent analog circuit is given in
E Figure III-12., The SC circuit was designed using DG181
i switches, SN72741 operational amplifier, and capacitors
? whose values are shown in Table III-2. Cq = C3 = 2Cy Was
EE choosen so that R was open 'circuit or conductance is zero
"

(see Eq. 3-20). The experiment was conducted for 16 Khz

III - 12
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Table III-2

Capacitor values for SC circuit

Capacitors Capacitances
Co 475 nF
o 822 pF
C2 410 pF
C3 822 pF
C a4 nbt
e-—————— |
1
1 I
Cl ;
O e ° |
0—-/—-- —/ ‘/ 1. o] !e/
| R e
|
i

Figure III-12 Equivalent analog low=-pas3s filter.




clock frequency. Based upon these values and Egqs. 3-17,18,
the SC low-pass filter simulated a series resistor of 132
ohm, a series inductor of 2.37T H and a parallel capacitor
of 9.47 nF. Figure II1I-14 shows the theoretical frequency
responce of the analog circuit. Observed frequency responce
of the SC circuit (Figure III-13) and Figure III-14

indicate an agreement between theory and experiment.
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CHAPTER IV
SWITCHED-CAPACITOR SYNCHRONOUS DEMODULATOR

ANALYSIS AND DESIGN
One of the more important applications of the SC

circuits is the realization of adaptive systems such as SC

synchrous demodulators, channel equalizers, and tracking’

filters. There are many applications for synchronous
demodulator, such as AM detection, FM detection, and phase
detection. The SC synchronous demodulators are also useful
to find real and imaginary components of a given system
transfer function. A synchronous demodulator is easily
realized using a SC low-pass filter which has only switched
feedins. The paper by Martin and Sedra proposed a design
for a SC demodulator using MOS transistors as switches

(Ref 7).

P P SIGFAL ¢, 1 A

q © INPUT
- I
— L . L
e T I e L
ﬁl_l—h.l C3 . ‘ J_¢2 |
I——“‘——_—_It-;> —0
LF |  DEMODVLATED
,___JE_"J_JL_' o outPUT
i [[

.3 3 F

Y
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Figure IV-1 PropoSed‘SC demodulator
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The basic theory of operation of the proposed SC
demodulator is to switch @1 and @ at input of the SC low-
pass filter. Alternating between ¢1 and P, is equivalent to
multiplying the input signal by +1 and -1 before
applying it to the low-pass filter. The basic principles of
the sampled data demodulation technique is presented in
Appendix C.

The Figure IV-1 can be realized by using analog
switches in place of MOS transistors. For proper operation
of the proposed d:modulator, the input signal must be
sampled and then held constant for a full period (Ref 7).
This eliminates any errors caused by the half period

sampling time difference between ¢4 and #,. The circuit

that accomplishes this is called a sample and hold circuit.

Sample and hold circuit

This circuit can be realized using analog switches, a
flip-flop and a unity gain buffer which has high input
impedance and a high slew rate As illustrated in
Figure I1V-2, when Q is high , the modulated input will be
sampled, and C, will charge ‘while Cq charges or discharges
through the op-amp input impedance. Since the op-amp has
high input impedance, the rate of discharge will be very
small. When Q goes low, the modulated input will be sampled
and C4 will charge or discharge while C, is connected to op-
amp input. Since the clock applied to D flip-flop is

either 44 or @,, the operation of the circuit will be in




sync with #q or #p. The values of Cq and Cy Wwill determine

RS the time elapsed during charging of the capacitors. A

typical value used for Cqy and Cp is on the order of 1uF.

Switching phases
Switching #4 and @, at the input of low-pass SC filter
can be accomplished using an analog switch (see Figure IV- |
3). When input is a leading edge-triggered carrier signal, |
@1 is output from pins 2 and 5, while @, is output from
pins 10 and 13. When input is a trailing edge-triggered
carrier signal, @, is output from pins 2 and 5, while @#¢ is
output from pins 10 and 13. These outputs will be applied
to the SC low-pass filter (Figure IV-4) to control the
switching action at the input of the filter. As it was
L~ mentioned before , the carrier must be a square wave for the

b proper operation of the proposed SC demodulator.
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EABRICATION AND IEST

A sample and hold circuit, switching circuit and SC
low=-pass filter were built using a 50 Khz clock frequency.
The experiment was conducted for lower clock frequencies,
but the output waveform was distorted. The sample and hold
circuit was built using a SNT474 for the D flip-flop, a
SN72741 for the op-amp and a DG303 for the analog switch.
The DG303 is a single pole double throw analog switch. A
detailed description of it is given in the Appendix D. The
vaLues used for cabacitor C1 was 1,023uF and for the
capacitor C» was 0,969yF. The switching circuit was built
using a DG303. The SC low-pass filter was built using a
SNT2T7T41for the op-amp and a DG181 for each analog switch.
The DG181 is a single pole single throw switch. The values
1000 pF, 100 pF, 0,01uF were used for C4y, Cp, and C3
respectively. The modulated input signal was generated by
using a WAVETEC 20 Mhz AM/FM/PM generator model 148.

For the modulated input signal, a 200 Hz sine wave
modulated a high frequency sine wave carrier. Figure IV-6
shows the modulating signal (upper trace) and the carrier
used for demodulation. The experiment was conducted for
carrier trequencies of 100 Khz, 1 Mhz, 5 Mhz and 6 Mhz. A
clear demodulated output was observed at 5 Mhz and 6 Mhz.
The output was unrecognizably corrupted by noise at 100 Khz
and 1 Mhz. Distortion occured when the carrier frequency
for modulation differed from the carrier reference at the

demodulator. The cutoff frequency of the SC low-pass filter

IV - 7
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was choosen as 225 Hz. That can be changed by changing the
values of Cy, Co,y C3.

The experiment was conducted for different modulation
indices of input signal. It was observed that, for a higher
modulation index less distortion occured. Figure IV-6 shows
100 percent modulated signal (upper trace) and demodulated
signal (lower trace). Figure IV-7 shows 30 percent
modulated signal (upper trace) and demodulated signal

(bottom trace).

Figure IV-5 Modulating signal (upper trace)

and SC demodulator carrier,
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Figure IV-7 30 percent modulated input signal
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CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

In this study SC application of band elimination

filter, simulation of inductors and realization of SC
synchronous demodulator were experimentally investigated.
For this purpose different technical papers claiming
different characteristics about these circuits were
examined. On the basis of the research'performed, the

following conclusions are made :

1. RC filter characteristics can be duplicated using
switched-capacitors in place of resistors.

2. For proper operation of the SC circuits, the
clock frequency must be much higher than the maximum
signal frequency.

3. The SC filter bandwidth can be changed either by
changing clock frequency or capacitor ratios.

4, Noise due to the amplifiers and the switches can
be minimized by increasing clock frequency and
capqcitor sizes.

5. The stray capacitance between lower plate of the
capacitor and ground can be minimized either by
grounding the lower plate or by switching the both

sides of the capacitor,

LA e A A AR R Y D e R R A e Sl Al A N A




e e
’HL" B
)

L]

6. For a SC demodulator, the carrier frequency must

SR FCRS

(

RIS be much higher than the modulating signal frequency.
7. SC resonant circuit which was built using SC
circuits in place of resistors and inductor gave

sharp peak at resonant frequency, as analog circuit.

RECOMMENDATIONS

Based on the results obtained in this study, the

following recommendations are suggested :

1. For the clock circuit built , the overlaping time
of phase one (@#1) and phase two (@p) was 1/8 of the
clock period. In order to improve the circuit
performance, further study could be performed
investigating the effect of varying this parameter.

2. Analog switches were used throughout the
expériment. The experiment could be performed using MOS
transistor switches for the same purpose to investigate
circuit performance.

3. As op~-amp, SNT2741 was used throughout the

experiment. For high frequency applications , op-amps
which have better high frequency characteristics
could be used.

4, The experiment in Chapter II was conducted for
just band elimination filter. That shoud be expended
for all kinds of filters (bandpass, 1lowpass,

notch, etc...).
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5. One of the important applications of the SC
El demodulator is to measure the quadrature components of
"~ the given system transfer function. This aspect of SC

&8 technique could be investigated.

= 6. Major application areas of the SC circuits are
filtering, A/D or D/A conversion and realization of
;: adaptive systems. For this experimental
investigation, SCapplication of filters, an adaptive
system and simulation of inductor were investigated.
fi This experiment can be expended to SC application of
A/D, D/A conversion technique,signal processing
technique and realization of other adaptive systems

such as channel equalizer phase lock loop, tracking
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APPENDIX A
QPERATION OF SWITCHED-CAPACITORS

The basic principle of the switched-capacitor (see
Figure A-1) resistor is to transfer a charge from point A
to point B Dby charging the capacitor at point A and then
discharging it through point B.

1 B A 8 2

)

Figure A-1 basic switched-capacitor circuit.

The analysis of the circuit (Ref 1:409) is performed
by first examining its behaviour when the switeh is in
position A and then in position B.

Let us first assume that the input voltage vy is
constant and the switch is initially in the position A.
The capacitor Cp will thus be charged to the voltage vq.
This charging process is extremely fast relative to the
switching cycle. For most practical purposes, it is assumed
that the capacitor is charged instantaneously to the input

voltage vy, This is the case for an fdeal switch. It is

also assumed that the period of the clock which drives the

S "‘. "‘.'.,." R AL U T Ry
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switch is small enough so that the input signal (v1) does
not appear to change during one period of the clock. Thus,

even if the input voltage vy is a function of time, the

capacitor appears to instantaneously charge to vq 2as if we
had an ideal switch connection.

If the switch is now changed to position B, the
capacitor discharges at rate ?% which is dependent upon
the load impedance Zj. Thus, Vo is a time varying signal

whose amplitude depends upon Zj, g%

The capacitor is, thus first charged to vq by the input
signal, and then discharged to v, at the output end, in one
period of the two phase clock. lMoreover, this process is
repeated in each period of the clock. There is thus a net
charge transferred to the output side. The charge

transferred by the capacitor in one clock period, to the

terminal 2 will be
q = CR(V1 - v2) (A - 1)

and this will be accomplished in time t, , the period of
the clock. During this time interval, the current is simply

Crlvy = v2)
gy =29 R T2 (A - 2)

t e
Alternatively, the same result could be obtained if an
appropriate resistor is placed between terminals 1 and 2

as in Figure A-2,

e A O T T e et T T e
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-Figure A-2 Equivalent circuit of Figure'A-1.

then

1(6) = == (vq = va) - (& - 3)
RC

By equating the Eqs. A-2 and A-3, the size of such an
equivalent resistor which yields the same value of current,
during this same time interval, is

V] = V2 c

T

(A - 4)
L CR  foCp

R =

where f, is the clock frequency. Detailed circuit design

of two phase non-overlaping clock is given in Appendix B.
For the approximation of Eq. A-2 to be valid, the

switching frequency f, be much larger than maximum

frequency of v4(t) and v,(t) as in the case for voice

processing filters. The switched capacitor may then be

regarded as a direct replacement for the resistor.

..............................
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APPENDIX B
IWO PHASE NON-OVERLAPPING CLOCK

The two phase non-overlapping clock which was used for
all of the experiments was designed using a four-stage
Johnson octal counter ( MC 14022 ) so that multiple phases
could be produced as necessary. Appendix D shows pin
configuration and functional waveforms of the Johnson
counter. The Johnson counter has eight decoded outputs.
For the clock circuit, eight of them were used, to produce
1/8

two phases with of the period of overlapping time.

Depending on the application, this overlapping time can be
increased by letting the counter count until certain number

and reset.

- | r
o|11213 4157670

I . | b b ‘¢'

T ! ! ) ‘ ¢2.
ol112 3 14{5.6'7 a[
— | | | { . '

Figure B-1 Overlapping time of the phaéés

On the clock circuit (Figure B-2), the schmith invertor was
used instead of normal invertor to get rid of transient

spikes produced during the clock pulses.
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How to change clock frequency

The clock frequency can be changed by changing the
frequency of the output of the MC1555 timer. This is
accomplished by changing the values of R B, Rp, or C on the
circuit of the timer. These component values are related to

the timer period by the relatioship :
T = 0.693(RA + ZRB)C (B - 1)

For example : if f, = 10 Khz clock frequency is needed and
if eight counts are used, then the frequency of the output
of the MC1555 timer is going to be 8x10 = 80 Khz or

————l—- = 12.5 4 sec (B - 2)

80 x 105

-3
"
=

using

Rg = 25 k-ohms (B - 3)

Ra

then the capacitor value needed is 240 pF.
Figure B-3 shows typical waveforms of phase one (Z1)

and phase two (@,). The signal frequency is 3333,3 Hz.
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APPENDIX C
SAMPLED DATA DEMODULATION

¢

If samples completely specify a signal, it should be
possible to recover the signal from the samples. This is
the demodulation process required for sampled data or pulse
modulation systems. bne of the main charactéristics of the
demodulation is to use the same carrier frequency for the
modulation and demodulation. A simpler form of demodulation
is to pass the sampled signal through a low-pass filter of
bandwidth f (maximum signal frequency) hertz (Ref 14:99).

This is shown in Figure C-1.

s | Fal=w) | L o

ﬂ‘”*ff Chorac+¢ﬁ5*m. r<qumed

V

guard
band N

— e e e

Figure C-1. Sampled data demodulation using low pass

filter.. (a)fsampling = me (b)fsampllng > 2fm
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If we sample at exactly the Nyquist rate (fsampliné -

2f,) the filter required must have ideal cutoff
characteristics, as shown in Figure C-1a (Ref 14:99). This
requires an ideal filter- an impossibility in practice. A
practical low=-pass filter with sharp cutoff characteristics
could of course be used, with resulting complexity in filter
design and some residual distortion. This situation can be
relieved somewhat by sampling at higher rate, as shown in
Figure C-1b. A guard band is thus made available and the
filter requirements are less severe: the filter cutoff
between f and fg.p51ing - fm , and the attenuation at
fsampling - 'y being some prescribed quantity measured with

respect to the passband.
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......................
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APPENDIX D

INTEGRATED CIRCUIT DATA SHEETIS

This section contains data sheets for the principle
integrated circuits which were used throughout the experi-

ment. The data sheets contain electrical characteristics

and pin configurations for each chip. Included in this

section are data sheets for each of the following integrated

circuit chips

1. MC14022 Johnson Octal Counter (Ref 15:(7=-71;7-T75))

-

5 2. 555 Timer (Ref 16: 1-4)

3. DG181 Analog Switch (Ref 17:(3-42;3-44))
4 O 4. DG303 Analog Switch (Ref 17:(3-79;3-80))
;; 5 SN72741 Operational Amplifier (Ref 18:(3-34;3-35))
‘

¢
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MC 14022 (contir

wed)

FIGURE V — TYPICAL OUTPUT SOURCE AND OUTPUT SINK CHARACTERISTICS TEST CIRCUIT
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TIMER|- 555

DESCRIPTION

The NE/SE 565 monolithic timing circuit is a highly stable
controtler capable of producing accurate time detays, of
oscillation. Additional terminals are provided for triggering
or resetting 1l desued. In the time delay mode of operation,
the time 1s precisely controlled by one external resistor and
capacitor. Far a stable operation as an oscillator, the free
runiing frequency and the duty cycle are both accuratety
controlled with two external tesistobs and one capacitor.
The circurt may be tigyered and reset on fatling waveforms,
and the output structure can source of sink up 10 200MA
or drive TTL circuits.

FEATURES
* TIMING FROM MICROSECONDS THROUGH HOURS

* OPERATES IN BOTH ASTABLE AND MCNOSTABLE
MODES

e ADJUSTABLE DUTY CYCLE

e HIGH CURRENT OUTPUT CAN SOURCE OR SINK
200mA

¢ QUTPUT CAN DRIVE TTL

e TEMPERATURE STABILITY OF 0.05% PER °C

e NORMALLY ON AND NORMALLY OFF OUTPUT

APPLICATIONS

PRECISION TIMING

PULSE GENERATION
SEQUFNTIAL TIMING

TIME DELAY GENERATION
PULSE WIDTH MODULATION
PULSE POSITION MODULATION
MISSING PULSE DETECTOR

8LOCK DIAGRAM

LINEAR INTEGRATED CIRCUITS

PIN CONFIGURATIONS {Top View)

T PACKAGE
1. Ground 6. i‘antrol Volitage
2. Trigger 6. . hreshoild
3. Outpwt 7 ixcharge
4. Reser 8 o
OADER PART NOS, SRESBT/NE*.95T
V PACKAGE
[ ]
Ground m b Vee
Trigger 2 3 Ouschergs
Qurput |2 E] Threshoald
Resetr | ¢ 8| Contwol Voitage
ORDER PART NOS. SES66V/NEHSSY '’

ABSOLUTE MAXIMUM RATINGS

M&t———g

.

e 1 -
@_I_.om

Supply Voltage +18v
Power Dissipation 600 mw
Operating Temperature Range
NE555 0°C 10 +70°C
SES56 - 55°C to +125°C
Storage Tomperature Range u5°C to +160°C
Lead Temperature (Soidering, 80 seconds) +300°C
————tomz
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L SIGNETICS TIMER ® 555

ELECTRICAL CHARACTERISTICS Tp = 25°C, V¢ = +5V to +15 unless otherwise specified

_',. PARAMETER TEST CONDITIONS SE 558 NE S8 —{ units
MIN | TYP MAX MiIN| TYP MAX
Supply Voitage 45 18 45 16 v
Supply Current Vec =5V R = oo 3 s 3 [} mA
Ve = 15V Ry =00 . 10 12 10 15 mA
Low State, Note | :
Tivung Error Ra.Ag » 1K to 100K
Imtigt Accuracy C=0.1uF Note2 0.5 2 1 »
Drift wath Temperature 30 100 50 epm/®C
Dritt with Supply Vaitage 0.05 0.2 09 %/Voit
Threshoid Voltage 2/3 213 XVee
Trigger Voitage vee = 15V 48 S 5.2 -] v
vee s 5V 1.46 1.67 19 1.67 v
Teigger Current . 0.5 05 A
Resat Voltage 0.4 0.7 1.0 Q4 0.7 1.0 v
Reset Currdnt 0.1 0.1 mA
Threshold Current Note 3 0.1 .25 Q.1 2% nA
Contrail Voltage Level vee = 18V 96 10 10.4 9.0 10 Ak v
Vee s SV 29 | 333 {38 |26 | 333( 4 v
. Cutput Voitage Drop (low) Veg = 15V
ISINK = 10mA 0.1 0.15 0.1 2 v
ISINK = 50mA 04 [-X] 04 2% v
ISINK = 100mA 20 22 20 25 v
ISINK = 200mA 28 25
vee =SV
ISINK = BmA [*KR] 0.28 v
I5INK = SmA .28 .35
Output Voitage Drop {high)
ISOURCE = 200mA 125 125
vee = 15V
ISOURCE = 100mA
vee = 15V 130 13.3 1235 | 133 v
vee s SV a0 3.3 278] 233 v
Riw Time of Output 100 100 nsec
Fall Time of Output 100 100 nsec

NOTES

1 Supply Current when autput high typically 1TmA less.

2. Tested at Vi = 5V and Vg = 18V

3. Thie weit determune the meximum vaius ¢ A, v Ag For 18V operation, the max total A = 20 megohm,

EQUIVALENT CIRCUIT (Shown for One Side Only)
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SIGNETICS iMER = 555

TYPICAL CHARACTERISTICS

WL UL WG T e

3%

MINIMUM PULSE WIDTH
REQUIRED FOR TRIGGERING

A
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! i1
- B] Y3 al CxX)
COMLST VOLTAGK Lk P TRIGGER PULSE V(.
LOW OUTPUT VOLTAGE
vs OUTPUT SINK CURRENT
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A e | et T
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37 XY

SUPPLY CURRENT
vs SUPPLY VOLTAGE
e |
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High-Speed Driver with
JFET Switches designed for...

m Fast Acquisition Speed in
Sample and Hold Circuits

m Low Leakage Switching

8

BENEFITS

© Eliminates Large Signdl Error
< 2 nA Leakage from Signal Channel in

Bo:n ON and OFF States

App“‘ﬂfiom i.e. Samp|e and ® Increased Currant Handling Capabilities
Hold Circuits

u High Frequency Signal
Switching such as Video Signals

m Low Distortion Switching,
Audio Signals

m Low Level Switching in Low
Impedance Circuits

m Fast, Low Resistance D/A

Ladders

OESCRIPTION

200 mA Maximum Switching Current
® Higher Bandwidth Switching Capabilities
Cross Taik and OFF Isolation > 55 dB
at 1 8144 {75 Q2 Load)
® Eauly Interfaced
TTL, OTL, RTL Direct Drive
Compatibihity
® Lass Signal Distortion than CMOS or PMOS
Switches
Constant ON Resistance
® Low Voitage Drop Across Switch in the ON
State
Tdsion) = 100

The DG18Q series contains two to four N-channel junction-type field-effect transistors (JFET) designed to function as
electronic switches. Level-shifting drivers enable low-ievel inputs (0.8 to 2.0 V) to controi the ON-OFF state of each switch.
The driver is designad to provide a turn-off speed which is faster than turn-on speed, so that break-before-make action is
achieved when switching from one channel to another. in the ON state each switch conducts current equally well in either
direction. In the OFF condition the switches will block voitages up to 20 V peak-to-peak. Switch-OFF input-output feed-
through is > 60 dB at 10 MMz, because of the low output impedance of the FET-gate driving circuit.
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FUNCTIONAL DESCRIPTION SCHEMATIC DIAGRAM (Typical Channel)
v v
1 F
1 T
PART ) -
NUMBER TYPE -1 i 4 = %
0G180 Dusi SPST 10 T ? [
cow | garm | @ - |
usl 75
0G183 Ousl OPST 10 —= s
DG18e Dusi DPST 30 -3 o] .
0G18S OusiOPST | 18 -4 —— -
%;g g:or 10 ——
oT 20 —
0G188 SPOT 75
G199 Duel SPOT 10 T .
06190 Ousi SPOT 30 o S
0G191 Dusl SPOT 75 I % : ;
R S
va v-
342 Siliconix
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PIN CONFIGURATIONS
Fiat Package Oual-in-Line Package
1 "
2 S Y 43 2
k‘l ?'Im :p
Oy o cZH e -1
DUAL SPST « o o
LOGIC | SWITCH I~ 773 ~e
o ON wy ™ C3] 70 ™,
1 OFF var Ve @ T Ve
SWITCH STATES ARE v 7] va
FOR LOGIC “1” INPUT = Va
{POSITIVE LOGIC) Tor
ORDER NUMBERS: ORDER NUMBERS:
D0G180AA OR DG1808A ORODER NUMBER: DG180AP OR DG1808P
DG181AA OR DG1818BA DGI181AL DG181AP OR DG 1818BP
DG182AA OR DG1828A SEE PACKAGE S DG182AP OR DG 1828P
SEE PACKAGE 2 *Common to Substrate and Base of Package SEE PACKAGE 11
*Common to Substrate and Case '
Siat Packoge Dual-in-Line Package
94373 ‘ 5 S
DUAL DPST = I @L; ™
043 _.'-""'91 [sv—
LOGIC | SWITCH Sy S—_"—’:'.-:.Y [(2va
o OFF WA
1 ON e o v
ne [ain,y
SWITCH STATES ARE 0p T,
FOR LOGIC “1” INPUT e ier
(POSITIVE LOGIC) ORDER NUMBERS: ORDER NUMBERS:
DOG184AL OR DG185AL DG183AP OR DG1838P
SEE PACKAGE § DG184AP OR DG184BP
*Common to Substrate and Base of Package DG18SAP OR DG1858P
SEE PACKAGE 12
SPDT Dual-in-Line Package

LOGIC | SW1 | Sw2

0 QOFF | ON
1 ON OFF

SWITCH STATES ARE
FOR LOGIC 1" INPUT
{POSITIVE LOGIC)

T

OROER NUMBERS: ORDER NUMBERS:

DGI186AA OR DG186BA ORDER NUMBERS:
186AP OR P
DG187AA OR DG187BA DG187AL OR DG188AL g:I::AP gﬂ gg::::p
DG18SAA OR DG188BA SEE PACKAGE S DG188AP OR DG 188BP
. u:‘:;‘cual ‘z"d . Common to Substrate and Base of Package SEE PACKAGE 11
Common bstrate %0
¥
Flat Packags Oual-in-Line Package
. Oy
DUAL SPDT ne 7]
0y
w1| swa —
LOGIC w2l swa $4
[} OFF | ON =
] 04 3]
1 QN QOFF ne
SWITCH STATES ARE “e It . T
FOR LOGIC “1” INPUT "or viaw
{POSITIVE LOGIC) ORDER NUMBERS: R s
DG190AL OR DG191AL DG189AP OR DG 1898°P
SEE PACKAGE & DG190AP OR DG1908P
*Common to Substrate and Base of Package 0G191AP OR DG1918P

SEE PACKAGE 12

Siliconix 343
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DG180-DG191 Series

ABSOLUTE MAXIMUM RATING

VetoV-
V+to Vp
VptaVv-
Vp to Vg

Vitov-

Vi to ViN

Vi te VR

ViNto VR

VR to V-~ .
VR to VIN Lo

Current (Any Terminal except Sor D) . .

ELECTRICAL CHARACTERISTICS All DC parameters are 100% tested at 25-°C. Lots are sample tested for AC

BV
3v
BV
22V
v
8v
8v

27v

0 ma

Currents (Sor 0130 02.75 02 . 30ma
10 £ Only 200 mA
Storage Temperature . . . . -85 to 150°C
Oparating Temperature (A Suftix} ~55 10 125°C
1B Suffin) -201t085°C
Power Dissipation®
MetsiCan®®. . . . . . . . . . .450mwW
14PInDIP** . . . . . . . . . .B8mwW
16 Pin D1P* Ce e e e e e e . . 900mwW
FlatPack®®®*® . . . . . . . . . .900mw
* Al lsads weided or solderad to PC boesrd.
**Derate § MW/ C above 75°C.

***Derate 11 mW/°C above 75°C.
****Derate 12 mW/°C sbove 78°C.
**e22Dgrate 10 mW/ C sbove 75°C.

parameters and high and low temperature limits to assure conformance with specifications.

DD L0 E— TESY CONGITIONS. UNLTSE NOTEO:
e 1 " 14 g y
CuanacTE LY T suee b Ves V. Vaa ISV, v, 28V Vg oo
-w'c) ¢ | rawe | -20c] mclee
Oront Sowren 'y . tgm =10 mA
. “Dgloni A s 10 0 0 i "8 | 2 Vg e-T8y Vmee0Bvoraoy !
ig " 0 Vg -lov
2 o] wm Sowam OFF 1o | 1000 5| 10 BRI
mMEs Losape o | 00 ) 15018V ug TSV
. " > 1000 | 0] ™ Ve VIV wge 1OV Vin*20Varasv
P |°‘.'| Dv_.«\)lc‘ o o0V V- o 23V Nowe 2
H i 490 Cor ) ‘00 5] 100 I e TSV vg 18V
|
g Channgs ON
!- . 12H0M Y 'S camn Corrom -2 290 -0} -200 Vg rvge T8V
_— —me
s3] - [ Saturation Or i Curreme 200 Tepa® ma | 2 e Puie Ouranon
s Pre—— T e -
HID | e mr v Lo -0 | .m0 | .10 | .10 [ -20] -0 Vit 0
] ~ ooyt C. ua
" et Crrams. .
! 9 [ “wvv:-a---n (1) 0 o) Pt T
8] [ e 74 ON tme 200 39
f—t o ™ | %0 Sricneng Teme Tem Cumue
" v -M Tura.OFS T.me 0 300
2 : Siom Souice OF € Casatiancs 21 Tvpent® V5o §V 190
131 | Couoes Oran OFF Caowertance 17 *voen” of I8V IgaQ “olw
===
14] ¢ Catom * Caiom _ Crannn ON Cansorance 17 Tvoxa’ vy svgeO
e L
15 OFF 1usteton Teoua G0 aq at !l Mg & -8 (2
Oreve-Soures . 3o =10ma
1 rO3ion) OM Restiance k] 30 L] 0 w0 hs i vye-28V Vi 28V or 20V New t
L
Vg 'OV v
| s . Sorce O9F ! hd 3| oo Vo W2 .-:,:,
v -
3 vlo on Loshage Curremt ] =y s| 00 Vg18Y vgo =TSV
v . iy e 1V Vg e -1V, Vine20Veolyv
M [ - Oven OFF i S{ 0] ] Ciiovvaaazov | wew2
{0 Lostom Curremt 1 100 s[ 00 VgeTAV Vge TV
3 . ' Chanews ON aer
] P vl <2 { -200 0] -2 vgrvge-Tsv
; 8@t Current, - .
; HIEBAED e v Lo -0 | %6 , .0 | -2%0| .mof-m0 . vigeo
=1 " — -
% o] "] e e 0l ® o| v sy
. T\ N T, 180 180
sk s iAol w | 3o Bmterng Tame Tou Creuat
3 ] ton 1A OFE Tume 3 3¢
M Source OPS .
M B S ivaid $s:8v0-0
ol
Al
12{ ) Com ’“?::‘ 4 Tvoem* of | vpeav.igeo (R
4
13| €| Comem * Ssiem m""‘""’: 14 Toomen® vgvgeo
1. Ol 1otatian Typcs > 50 gt ot 10 My A, 750
[T — . Ig =~10mA
1 P on ” " w0 | 100 | r00f ts0 vg -0V U 08Vezoy !
2 ' 100 s} 00 v$-10V vg- -0V
s ittt Source OFF Yo VOV Ve o 220V
k) 7 Losnom Currem [ 100 s] oo Vg e 10V Vp+ Qv
r Vo V. vge iy Vi 10V or OBV
M <., Oran Qs ! 100 Sj @) w b gy vaecov [ wew2
; $ \asiogn Curren [} 100 5| 100 Vg e 10V Vg =10V
s
gl Iodet © Igtam O ON 2] -0 o] -0 voevse-10V
Lo Lo
:A' ' [y :'::m_ <m0 | .zs0 | 20 | -2%0| -200f .m0 vin 0
' ~ 1"t Current “
. [] li Inget Y otiage e 10 ) ] 2 Vige SV
) Tun ON T K 200
; ety pat. 2aONToe == | Seo Semuemeny Teme Teue Cocun
w o Tott Twtn-Q8P Ty 30 ]
" : Coiom "’-':: * Toguem® g8V 1ged
- S
Al
] &l e Ormn 088 o e’ o VgAY igen 101 wa
' Somouoree
€ Chonnt ON .
3 0Um * CHOM  Copuciianms 18 Teaes vo-vs9
o
" OFF umwrron Tomtel > 50 08 e 10 WMy LR 1T
NOTES: 1. Vi =08 Var 2.0V taturn ONtewnteh yader test. 2. Vyny ® 0.8 V or 2.0 V to turn OFF switeh under tmt,
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5 ... |Monolithic CMOS Anclog g |9
= - ° Siliconix | ©
(] Switches =S
o BENEFITS
;:‘ des,gned for e o o ® Environmentally Rugged 8 |
re < Latchproof CMOS =1 '
- 8 Portable, Battery Operated Circuits * Low g;‘::v";v":;‘lf ; }
= X i |
8 Low Leakage Switching * Minimizes ignl Ervor ‘._’,. |
i.e. Sample and Hold Circuits . Low Onretis e % ] :
® Communication Systems . et Vet D D aatkch in ON |
. @ O {ge] TOSS SWITCH in |
B8 Low Level Switching Circuits e <500 |
8 Fast Switching Circuits o Minimizes Switching Time

SUCh as MU"’lplexerS ® Minimizes System Power Requirements '
) stGNdard Linear Dual SUPP|Y > Single Supply Operation Capabilities ‘

. ® Easily Interfaced
Voltages or Single Supply Systems > TTL bTL and cOs input Compatibie
® Reduces External Component Requirements
DESCRIPTION > Logic Input Overvoltage Protection
The DG300 through DG307 switch family features four switching functions using CMOS technology for low and nearly
constant ON resistance (less than S0 Q2) over the full analog signal range. In the ON condition the switches will conduct
current in either direction with no offset voltage. With low power dissipation, (a few milliwatts for the DG300-303, a few
hundred microwatts for the DG304-307), this series of switches becomes an ideal candidate for battery-powered or remote
switching applications. The switching speed is among the fastest available with the low quiescent power dissipation. In the
QFF condition, the switches will block voitages up to 30 V peak-to-peak. A logic input driver controls the ON/QFF state of
the switches. (See the ''Pin Configuration’’ for switch status with a logic **1° input.) The DG300-303 swirches are TTL and
CMOS input compatibie and have a logic "0’ state with an input less than 0.8 V and a logic '*1"’ state with an input greater
than 4.0 V. A pull-up resistor should be added for totem pole TTL ourputs. The DG304-307 switches are CMOS input
compatible and have a logic “0’” state with an input less than 3.5 V and a logic ‘1" state with an input greater than 11 V
(for 15 V positive supply). The logic inputs are protected against overvolitage up to 18 V above and 36 V below the positive
supply. The combination of low cost, low power, low resistance and fast speed optimizes system design.

1
> Typ ton & totf < 180 ns J
|

saydjimg Bojouy H

PIN CONFIGURATIONS
DUAL SPST DG00 or DG304 SPOT DG301? or OG3OS
Metai Can Peckage Ouskin-Ling and Flat Packege Duai-in-Line and Fiat Package Metal Can Package
ORDER NUMEERS: GRDER N
E3V* DG00AP O DG300EP | DG301AP OR DG3018P \D"
D2 pg30ear or 0G0ear | DG205AP OR DG30SEP 2
s~ B ';‘c SEE PACKAGE 11 SEE PACKAGE 11 NC
= —B N: 0G300Cs 06301Cy :’é
. X 0G204C3 0G308Cs
3 o g IN
> "'El, v 2 seepacxace? SEE PACKAGE 7 ':c
= '~ 0G300AL OR DGIDMAL | 0GI0IAL OR DGISAL -
TOP VIEW TP ViEw TOP VIEW
ORDER NUMBERS: SEE PACKAGE 18 SEE PACKAGE 16 ORDER NUMBERS:
0G00AA OR DGI00BA  [CoaicTewiTem Toie Tow 1 ow 2] OG301AA A DG3018A
DGI0IAA OR 0GI0SA o1 orr o TorF | on—] 0530544 OR DGI0SEA
SEE PACKAGE 2 1 | on 1 Jon | ors| seeeackace2
DUAL DPST DG302 or 0G306 QUAL SPDT DG303 or DG307
Oush-in-Line and Pist Paskane 00 e nUMBERS: OROEA NUMBERS. Duatin-Line and Flat Package
[ V* bazas on 0G0z | DG03AP OA DGI038e  NC J Ve
3 ;‘ 0G7084P ON DG2088P swiTen3]  0G307APOADG7E 53 Se
| D‘ SEE PACKAGE 19 LOGIC!SWITCH LOGIC 5w 2[sw a SEE PACKAGE 11 P35~ gl
g g 0G202¢s S o Torr o 0G03Cs G-~ o2
"3 0G208Cs 1 |on |ofF 0G307C4 |~1 E~; = "&’
g v 2 ssuracxact? SEE PACKAGE 7 e A =
~ 0G302aL OR DGI0SAL 0a303AL OR DG207aL ONT T v-
SERPACKAGE 18 < 1\ TCH STATES ARE FOR LOGIC “1" INPUTS (POSITIVE LOGIC) SUE PACKAGE 18 J
ofs .
Siliconix 3.79
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DG300 DG307 Series

ABSQLUTE MAXIMUM RATINGS

Vin to Ground

Vgor Vg e Vitov”
V* 10 Ground . . 436V
V¥ewoVvs .. +38 V
Current, Any Terminal (ExceptSorD) . . . . 30mA
Current, SorD,Continuous . . . . . . . . 30mA
Pulsed 1 ms 10% DutyCycle . . . . . . 100mA
Operating Temperature (A Suffix) . . . -551t0+125°C
(BSuffix) . . . -20t0+85°C

(CSuffix) . . . 0t +70°C

Storage Temperature (A & B Sutfix) . . -65to+150°C
(CSuffix) . . . -85 to +125°C

.. . . Va8V, V36V

ELECTRICAL CHARACTERISTICS

All DC parameters are 100% tested at 25°C. Lots are sample tested for AC parameters and high and low temperature limits
to assure conformance with specifications,

Power Dissipation®
14 Pin Sidebraze DIP (P}
14 Pin Plastic DIP (J)***

Metal Can {A)*°°* . |
Flat Package (L)**°** .

*Device mounted with all leads welded or soidered to

PC board.
**Derate 11 mW/*C above 75°C
***Oerate 6.5 mW/°C above 25°C

****Derate 6 MW/*C above 75°C .
*°***Derate 10 mW/*C above 75°C

825 mw
470 mw
... . . . . 450 mw
.. . . . . . 750 mw

Max Lismts
. A/8 Suttin C Suttix Uant Tem Conditions
Chenpetarisue v | ear Ve s 018V, Vo= 13V, Gnd e 0V
Tvo |-88°CH e | 1B pe] mec| o
2%°C [-20°C as'c
Ninimum Annog Signet . . . . . .t
1 VANALOG Faetg Caosorty 18 1§ | :18 151 15| V [SmwcnONIg=10ma
e
2 Oramn Source 30| S0 50 15 | so 50| s Vp #*10V,1g = =10 mA
by ‘OSton ON R 2] Note 2
3 euttance 30| %o 50 75 | so s0| 715 Vg r =10V, ig « 10 mA
——
L
alw | Source OFF 0.1 ' 100 51 100 Vge=+14V. vpe-tev
. 'l_ Statt) Leskage Current 0.1 -1 | -t00 -5 |-100 Vg=-14v,vg e -4V
- e Note 2
8 | w . Oren OFF 0.1 1 100 5] 100  Ivp2-tev.vge-1ev
ﬁ Olott Leaxage Current -t -1 | -100 < voo My » 18V, Vg e sta Y .
—r—
8 hannel o1 1 100 s | 100 Vg =Vge=stav {
31 '0ton ¢ oo DS Note 2
[ Luskaqe Cuerent -0.1 -2 | -300 -5 |-200 Vg *Vge-14V
1 — :
L N (- input Current 0G300-301 Oniy  }-0.007 -1 -1 -1 -1 Vine -S0V v
1 3 nput Voiage HYMY £5300.307 Onty | 0.001 3 1 1 1 S T .
—m——
e ™ 180ut Curtent Input Voitage Low -0001 | -1 N ) -1 Vin * 0
13 ton Turn ON Time 061300303 150 300 :
— L
14 tote Turn OFF Time Qnty 120 50 \
E— See Tume Test Circuit
15 Ton Turn ON Tume 0G304-307 no 250 nS
1. ton Turn OFF Time Qnty 20 150
o Sresk-Before-Mane| 0G301/303
" ; ton = tott (nterval 0G 1087307 Orvy 50 See Groak-Batare-Make Time Test Cucuit
—
18 .‘. Ceiott Source OFF Capacitance 14 Vg = 0. Note 2
19 'c Corate Oram OFF Capacitance 14 Vg * 0. Note 2
0 Cotant * Cs[onl Channet ON Cagacitance «0 of |V = Vg = 0, Note 2 fol MMz
k4 8 Vi =0
o Cin Inout Capscitance
2 s Vin " 18V
Vin 0. A = TK32,Cp »+1
i "0 A, IR Cy -
OFF 1soution?d . a | N L L
2 Vg * ¥ Vgpyg, t =300 kHE
kL) 1* Poutive Supply Current 023 1 05 08 1 ma
— Vi * 4V (One Inoutt (Al Qther taguts = O
- [N Negetve Supply Current 0G300-203 =000t | -10 «10 | 100 -100
—
2| g | 1e Powtrve Suoply Current Only 0001 | 10 10 | 100 100
-y Vin = 0.8 V (Al inpyts)
F Y » t— Negative Suppty Current ~0.001 | =10 -10 | -100 ~100
i
al?]n “Postrve Suoply Current 0.001 | 10 19 | 100 100 uA
r ; = " Py %0 Vi = *18 V LAl Inputy)
- Wrrent ~0.001 -10 -1 -1 -1
Newstrve Suosty 06304307 00
0 I* Powtive Suaply Current Only 000t | 10 e { o0 100
— Vin ® 0 (AN Inputd
3 [P Neystive Supply Current -0.00t | -10 =10 | -100 -100
NOTES:
1. Tymiest vaiues ore for DESIGN AID ONLY. 1ot guaratssed and 1ot subjeet 1o Sraduction testing. DGI00 ICMA-A  DGI0Z ICME-A
2 Vipg  Inout veltays th erferm preper function.  DGJ00-203: Vi ~ Foriops "1 =4V, for loge 0" = 0.8 V., 0601 ICMA S DG201 ICve8
0G08.307: V) ~ Forlope 1" = 11 ¥ for iogic "0 = 3.6V
3. “"OFE" Isolenon = 20 leg \av , Vg = Inout 10 OFF switen, Vsp = Outpnt, OG04 ICMAC  DG30S ICMB-C
Since me DGI'G-301 na 1&!3& Aove ¢ N/C oun Between S ang O. the OF F isolstron ganersily improves by 0G08 ICMAD 0G0 ICVMEO
7 38 @ 300 K112 over valug IHOWR here,
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. LINEAR INTEGRATED CIRCUIT TYPES SN52741, SN72714;
- CIRCUITS HIGH-PERFORMANCE OPERATIONAL AMPLIFIERS
::_' e Short-Circuit Protection e No Frequency Compensation Required
::: e QOffset-Volitage Null Capability e Low Power Consumption
::: L L?l’ﬂ CO!_nmon-Mods and ¢ No Latch-up
i Differential Voltage Ranges o Same Pin Assignments as SN52709/SN72709
- description schematic
: The SN52741 and SN72741 are high-performance

¥ operationai amplifiers, featuring offset-voitage nuil

capability. -nlv:;:':hu

The high common-mode input voltage range and the
‘ absence of latch-up make the amplifier ideal for volt-
X age-follower applications. The devices are short-cir-
cuit protected an the internal frequency compensa-
tion ensures stability without external components. A
low-value potentiometer may be connected between
the offset null inputs to null out the offset voitage as
shown in Figure 11,

The SN52741 is characterized for operation over the
full military temperature rangs of —55°C to 125°C;
the SN72741 is characterized for operation from 0°C
10 70°C.

terminal assignments

vee.

oeFSET . }.—‘P.:Q
NuLL . ;_C
N2 AT w0 . tsnn 1 ie0 n* Lﬁn
orrsar i il Pt A
L ———
"

vee-

COMPONENT VALUES SHOWN AAE NOMINAL

D - 13

P DUAL-IN.LINE
’ J OR N DUAL-IN-LINE L PLUG-IN PACKAGE PACK AGEN Z FLAT PACKAGE
’ PACKAGE (TOP VIEW) (TOP VIEW) (TOP VIEWI (TOP VIEW)
o T - T
- WAL L 1S - - - vege  Suteur WAL
N Mg N ves, WP . w - veg. WY wp
oionnioool WAGL (@@ @O ® O @
| — 1 f — J
_1 m—
7 4 s s N 2 3 T} r 1 1 v L L 1
N TN - - PIN 418 IN ELECTRICAL SR ey o vee @ @ wsmr Q @. @ @
v . e CONTACT WITH THE CASE - -t e
NC—No interng! connection
i
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CIRCUIT TYPES SN52741, SN72741
HIGH-PERFORMANCE OPERATIONAL AMPLIFIERS

absolute maximum ratings over operating free-air temperature range (unless otherwise noted)

SN52741 | SN72741 | UNIT|

Supply voitage Ve (see Note 1) 22 18 v o
Supply voitsge V- (see Note 1) -22 ~i8 '
Ditferential input voitage (see Note 2) +30 =30 \Y
Input voitage (either input, see Notes 1 and 3) +185 =15 v
Voltage between sither offset nuil terminal (N1/N2} and Voo =0.5 £0.§ v
Duration of output short<circuit (see Note 4} unlimited | unlimited
Continuous total pawer dissioation at (or beliow) 55°C free-sir temperature (see Note 5) 500 500 mw
O ing free-air temperature range ~55t0 125 0t 70 °C

[ Storage temperature range -6510 150 | —65t0150| 'C
Lead temperature 1,16 inch from case for 60 seconds J, L, or Z Package 300 300 ’C |
Lead temperature 1/16 inch from case for 10 seconds N or P Package 260 260 C !

NOTES: 1. All voitage values, uniess otherwise noted, ars with respect to the zero reference level (ground) of the suppiv voitages where the
zer0 reterence level is the midpoint between Ve, and Voo ..

'
2. Ditf itages are at the noni ting input terminal with respect to the inverting input terrminal. w,b
3. The megnitude of the input voitage must never exceed the magnitude af the suppiy voitage or 15 volts, whichever is iess, .

. 4. The output may be shortad to ground or sither power supply. For the SNS52741 oniy, the unlimited duration of the short-circust L“

applies at (or below) 125°C case temoperature or 75°C free-sir tamperature. .

5. For operation sbove 55°C free-air temperature, refer 10 Oissivation Derating Gurve, Figure 12,

electrical characteristics at specified free-air temperature, Vcc+ = 15V, Vgg—-=-15V

SN52741 SN72781
PARAM NDITIONS T
. ETER TEST CONDITIO MIN TYP MAX MIN TYP MAX uNIT
: 25°C 1 S 1 &
Vi } ffset vol Rg < 10k2 \"
) Y nput ofiset voltage S Full range [} 7.5 m
4V|Q|.g’_) Offset voitage adjust range 25°C +15 +1§ mv
i Input offset current 25 C 20 200 20 200 nA
10 Full range - 500 300
. 25°C 80 500 80 500
4B input biss current nA
Full range 1500 300
v Input voltage ran 25°C £12 £13 £12 213 v
! ey 490 range Fuil range 212 212
Ry = 10 k2 25°C 24 28 24 28
' v Maximum peak-to-peak AL » 10 kil | Full range 24 24 v
ope output voltage swing R =2k3 | 25°C 20 26 20 2
R > 2k Fuil range 20 piv]
A Large-signal differentisl Ry »2kq, | 25°C 50,000 200,000 20,000 200,000 |
vD voltage amplification Vo =+10V | Full range | 25.000 15.000 1
f; Input resistance 25°C 0.3 2 0.3 2 MQ
Vo=0V,
r Ou j ° 7 7
° tout resistance See Note § %°C 5 5 Q
c; Input capacitance 285°C 14 14 pF
’ 25°C 70 20 70 20
CMRR Common-mode rejection ratio | Rg < 10 k2 s dB8
Fuil range 70 1 70 -
25°C 20 150 | 30 150
av V 1] itivi Rg < 10k2 ViV
. 10/aVee Power supply sensitivity s < 10 Full range 150 el
'os Short-circuit output current 25°C =25 =40 :2% 40 | mA
. Sepply current No ioed, 25°C 1.7 2.8 1.7 2.8 mA
cc v Nosignsl | Full range 33 33
No loed, 25°C 50 85 50 85
P, ipati W
* o Total powsr dissipation No signal | Full range 100 00 |
T AN characreristics are soecitied under open-10op operation. Full range for SNS2741 is ~55°C to 128°C and for SN72741 i3 0°C to 70°C.
NOTE S: This typical vaiLe Tes only at treq ies above a few hundred hartz becsuse of the sffects of drift and thermal teedbeck.
1 .
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